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It is widely believed that the spin of black holes in X-ray binaries is mainly natal. A significant
spin-up from accretion is not possible. If the secondary has a low mass, the black hole spin cannot
change too much even if the black hole swallows the whole stellar companion. If the secondary has
a high mass, its lifetime is too short to transfer the necessary amount of matter and spin the black
hole up. However, while black holes formed from the collapse of a massive star with Solar metallicity
are expected to have low birth spin, current spin measurements show that some black holes in X-ray
binaries are rotating very rapidly. Here I show that, if these objects are not the Kerr black holes
of general relativity, the accretion of a small amount of matter (∼ 2 M⊙) can make them look like
very fast-rotating Kerr black holes. Such a possibility is not in contradiction with any observation
and it can explain current spin measurements in a very simple way.
PACS numbers: 04.50.Kd, 97.60.Lf, 97.10.Gz
I. INTRODUCTION
When a star exhausts all its nuclear fuel, it shrinks to
find a new equilibrium configuration. For very massive
stars, there is no known mechanism capable of balanc-
ing their own weight: these objects undergo a complete
gravitational collapse and the final product is a black
hole (BH). It is thought that in our Galaxy there are
about 107 BHs formed from the gravitational collapse of
massive stars. Despite this huge number, we only know
about 20 stellar-mass BH candidates [1]. They live in
X-ray binaries and from the study of the orbital motion
of the stellar companion it is possible to infer that the
mass of the compact object exceeds 3 M⊙. The latter
is the maximum mass for a neutron or a quark star [2],
and therefore a compact object exceeding this limit is
classified as a BH candidate.
In 4-dimensional general relativity, an uncharged BH is
described by the Kerr solution and it is completely spec-
ified by only two parameters, corresponding to the mass
M and the spin angular momentum J of the object. A
fundamental limit for a Kerr BH is the bound |a∗| ≤ 1,
where a∗ = J/M
2 is the dimensionless spin parameter1.
For |a∗| > 1 there is no event horizon in the Kerr metric
and the spacetime has a naked singularity [3]. If we can
measure both M and a∗ of a Kerr BH, we know all the
properties of the spacetime geometry. The effect of the
accretion disk on the background metric is indeed negli-
gible [4]. However, it is not easy to estimate the BH spin:
the spin has no effects in Newtonian gravity and therefore
it is necessary to probe the spacetime close to the object.
At present, the spin parameter has been measured only
for about 10 stellar-mass BH candidates [5].
It is commonly thought that the spin of stellar-mass
BHs in X-ray binaries is mainly natal and that the effect
of the accretion process is negligible [6] (but see Ref. [7]).
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1 Throughout the paper, I use units in which GN = c = 1.
The argument can be summarized as follows. Stellar-
mass BH candidates have a mass around 10 M⊙. If the
stellar companion is a few Solar masses, the BH cannot
significantly change its mass and spin angular momentum
even swallowing the whole star. If the stellar companion
is heavy, its lifetime is too short: even if the BH accretes
at the Eddington rate, there is not the time to transfer
the necessary amount of matter to significantly spin the
BH up. In the end, a BH cannot swallow more than
a few M⊙ from the companion star, and for a 10 M⊙
object this is not enough to significantly changes its spin
parameter a∗ [6].
BH binaries can be grouped into 2 classes. Low-mass
X-ray binaries are systems in which the stellar compan-
ion is not more than a few Solar masses (<∼ 3 M⊙)
and the mass transfer occurs for Roche lobe overflow.
These systems are transient X-ray sources because the
mass transfer is not continuous. High-mass X-ray bina-
ries are systems in which the stellar companion is mas-
sive (>∼ 10 M⊙) and the mass transfer from the com-
panion star to the BH is due to the wind of the for-
mer. These systems are persistent X-ray sources. If the
BH spin is mainly natal, its value should be explained
by studying the gravitational collapse of massive stars.
While there are still uncertainties in the angular momen-
tum transport mechanisms of the progenitors of stellar-
mass BHs, it is widely accepted that the gravitational
collapse of a massive star with Solar metallicity can-
not create fast-rotating remnants [8]. The birth spin of
these BHs is expected to be very low (see e.g. [7] and
references therein). However, this is not what we ob-
serve. Assuming the Kerr metric, BH spin measurements
show that some of these objects have a spin parameter
close to 1. In the case of low-mass X-ray binaries, the
BH candidate in GRS 1915+105 has a∗ > 0.98 [9] and
M = 12.4 ± 2.0 M⊙ [10], while the stellar companion’s
mass is M = 0.52 ± 0.41 M⊙. In the case of high-
mass X-ray binaries, the BH candidate in Cygnus X-1
has a∗ > 0.98 [11] and M = 14.8 ± 1.0 M⊙, while the
stellar wind from the companion is not an efficient mech-
2anism to transfer mass. Both the spin constraints are at
3 σ. While BHs in low- and high-mass X-ray binaries
form in different environments, in both cases the origin
of so high spin values is puzzling: the birth spin is ex-
pected to be low and accretion can spin a BH up only by
transferring a significant amount of matter.
In this paper, I show that current spin measurements
can be easily explained if BH candidates in X-ray bina-
ries are not the Kerr BHs of general relativity. In par-
ticular, an initially non-rotating BH can look like a fast-
rotating Kerr BH after accreting a small amount of mat-
ter (∼ 2M⊙) if it is more prolate than a Kerr BH. Strictly
speaking, this does not necessary mean that the BH must
be prolate, but simply that it must be less oblate than
the Kerr one. Here the key-point is the innermost stable
circular orbit (ISCO), which depends on the background
metric. A BH more prolate than a Kerr one can look like
a very fast-rotating Kerr BH when its spin parameter is
much lower, which can be acquired after accreting a mod-
est amount of mass. While the scenario is speculative and
requires new physics, it is not in contradiction with any
observation or theoretical argument [12], and it provides
a simple explanation to current spin measurements.
II. KERR BLACK HOLES
Accretion process from a thin disk is an efficient mech-
anism to spin a BH up. The inner edge of the disk is at
the ISCO radius, as supported by observations [13]. The
accreting gas moves on nearly geodesic circular orbits on
the equatorial plane. As the gas loses energy and angular
momentum, it first approaches the ISCO radius and then
quickly plunges onto the BH. The mass and spin angular
momentum of the BH change as
M →M + δM , J → J + δJ , (1)
where δM and δJ are the mass and the angular momen-
tum carried by the gas
δM = EISCOδm , δJ = LISCOδm , (2)
EISCO and LISCO are, respectively, the specific energy
and the specific angular momentum of the gas at the
ISCO radius, while δm is the gas rest-mass. With this
set-up, one finds the well-known equation of the spin evo-
lution [14]
da∗
d lnM
=
1
M
LISCO
EISCO
− 2a∗ . (3)
In the case of the Kerr metric, it is possible to inte-
grate Eq. (3) and find an analytic expression for the spin
parameter a∗ as a function of the BH mass M [15]
a∗ =


√
2
3
M0
M
[
4−
√
18
M2
0
M2
− 2
]
if M ≤ √6M0 ,
1 if M >
√
6M0 ,
(4)
assuming an initially non-rotating BH with mass M0.
The equilibrium value of the spin parameter is 1 and
requires that the BH has increased its mass by a fac-
tor
√
6 ≈ 2.4. If we include the effect of the radiation
emitted by the disk and captured by the BH, we find
that the equilibrium spin parameter is about 0.998, the
so-called Thorne limit [14], since radiation with angular
momentum opposite to the BH spin has larger capture
cross section.
The left panel in Fig. 1 shows the evolution of a∗ as
a function of the accreted mass for some values of the
initial BH mass. An initially non-rotating BH has to
double its original mass to get a∗ = 0.98. If a BH in an
X-ray binary cannot strip more than a few Solar masses
from the stellar companion, only for low mass BHs with
M ≈ 3 M⊙ it may be possible to get a∗ = 0.98. An
initially low value of the spin parameter does not help
very much, since the evolution of the spin parameter is
faster at the beginning and slower when the spin is higher.
As the birth spin of BHs is expected to be low, we do not
understand why we observe some fast-rotating BHs like
GRS 1915+105. The latter should have been born with
a mass of ∼ 6 M⊙ and have accreted a similar amount
of matter from the stellar companion, which seems to be
unlikely. The right panel in Fig. 1 shows the evolution
of the same systems in terms of the radiative efficiency
η = 1−EISCO. A Kerr BH with a∗ = 0.98 has a radiative
efficiency η = 0.234.
III. NON-KERR BLACK HOLES
If BH candidates in X-ray binaries were not the Kerr
BHs of general relativity, current spin measurements
would be wrong (because obtained assuming the Kerr
metric) and the evolution of the spin parameter as a re-
sult of mass transfer from the stellar companion would
be different. A number of studies has clearly shown that
there is a fundamental degeneracy between the spin and
possible deviations from the Kerr solution, with the re-
sult that a non-Kerr BH may be interpreted as a Kerr
BH with a different value of a∗ [16]. The main technique
to estimate the spin parameter of stellar-mass BH candi-
dates is the so-called continuum-fitting method, namely
the study of the thermal spectrum of thin disks [5]. As
a first crude approximation, the approach measures the
radiative efficiency η [17], which is then translated into
a spin measurement under the assumption of the Kerr
background, exploiting the fact there is a one-to-one cor-
respondence between η and a∗. It turns out that BHs
more prolate than the Kerr ones have a higher radiative
efficiency for a lower value of a∗ and they can thus look
like very fast-rotating Kerr BHs after acquiring a rela-
tively small amount of mass from the stellar-companion.
The result is very general, but it is useful to see this with
some specific example.
As first case, I consider the Johannsen-Psaltis met-
ric [18]. Observational constraints on this metric from
stellar-mass BH candidates are discussed in [17]. In
Boyer-Lindquist coordinates, the line element reads [18]
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FIG. 1. Kerr BHs. Evolution of the spin parameter a∗ (left panel) and of the radiative efficiency η = 1− EISCO (right panel)
as a function of the amount of matter accreted onto an initially non-rotating BH for four different initial BH masses (3 M⊙,
6 M⊙, 9 M⊙, and 12 M⊙). The horizontal red solid lines indicate the spin parameter a∗ = 0.98 and the corresponding radiative
efficiency η = 0.234. See the text for more details.
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FIG. 2. Non-Kerr BHs. As in Fig. 1, but in the case of Johannsen-Psaltis BHs with ǫ3 = 4. The key-point is that here η can
become high after a modest mass transfer. See the text for more details.
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FIG. 3. Non-Kerr BHs. As in Fig. 1, but in the case of Johannsen-Psaltis BHs with ǫ3 = 10 a
2
∗. See the text for more details.
4ds2 = −
(
1− 2Mr
Σ
)
(1 + h) dt2 +
Σ(1 + h)
∆ + a2h sin2 θ
dr2 +Σ dθ2 − 4aMr sin
2 θ
Σ
(1 + h) dt dφ+
+
[
sin2 θ
(
r2 + a2 +
2a2Mr sin2 θ
Σ
)
+
a2(Σ + 2Mr) sin4 θ
Σ
h
]
dφ2 , (5)
where a = J/M , Σ = r2+a2 cos2 θ, and ∆ = r2−2Mr+
a2. h introduces deviations from the Kerr background
and in its simplest version it is given by
h =
ǫ3rM
3
Σ2
, (6)
where ǫ3 is an unknown parameter that quantifies possi-
ble deviations from the Kerr solution. Johannsen-Psaltis
BHs are more prolate (oblate) than their Kerr cousins
with the same spin parameter when ǫ3 > 0 (ǫ3 < 0) [19].
The Johannsen-Psaltis metric is a phenomenological
metric and does not describe any known solution of spin-
ning BHs in modified gravity. It can be used as a toy-
model to described non-Kerr BHs assuming that particles
follow the geodesics of its spacetime, namely that it can
be obtained as a solution (or approximated solution) of
some metric theory of gravity. In this case, it is possi-
ble to study the evolution of the spin parameter of these
non-Kerr objects [20]. The master equation is still (3),
but EISCO and LISCO are different because they are de-
termined by the background metric.
In the original proposal of Ref. [18], ǫ3 is a phenomeno-
logical parameter quantifying possible deviations from
the Kerr geometry. In presence of an underlying the-
ory, it may be related to some coupling parameter in
the modified action and thus be a constant of the the-
ory. Fig. 2 shows the evolution of the spin parameter
a∗ and of the radiative efficiency η of these Johannsen-
Psaltis BHs for ǫ3 = 4. Another possible scenario is that
non-rotating BHs are spherically symmetric and that ro-
tation makes the object more and more deformed. For
instance, Kerr BHs have mass-quadrupole moment given
by Q = −a2∗M3: Q = 0 in the non-rotating case and
the BH is more and more oblate as the spin parame-
ter increases. The mass-quadrupole moment of neutron
stars can be approximated by Q = −(1+χ)a2∗M3, where
χ ∼ 1 − 10 is a parameter that mainly depends on the
matter equation of states and at some level on the mass
M [21]. Since χ > 0, neutron stars are more oblate than
Kerr BHs with the same spin parameter a∗. It is thus
possible that ǫ3 depends on the spin parameter, and the
simplest case is that it is proportional to a2∗, say ǫ3 = ka
2
∗,
Fig. 3 shows the evolution of the spin parameter a∗ and of
the radiative efficiency η of these Johannsen-Psaltis BHs
for k = 10. In both the scenarios, we find two remarkable
features of these BHs: i) the equilibrium spin parameter
is much lower than 1, and ii) an initially non-rotating
BH reaches a high radiative efficiency very quickly, after
a modest amount of mass transfer. This is a prelimi-
nary indication that mass accretion onto a non-Kerr BH
may explain the observation of fast-rotating Kerr BHs in
X-ray binaries.
The argument of the radiative efficiency can be used
only for a preliminary estimate and deviations are more
important for high values of η, mainly because in the spin
measurement from the disk’s thermal spectrum there is a
correlation between the estimate of a∗ and the mass ac-
cretion rate [17]. Ref. [17] reports the current constraints
on a∗ and ǫ3 of the 10 stellar-mass BH candidates with
a spin measurement. The left panel in Fig. 4 shows the
evolution of some Johannsen-Psaltis BHs on the plane
(a∗, ǫ3) as well as the the boundary of the allowed region
(red solid line) for the BH in GRS 1915+105 (the al-
lowed region is the area inside the line). With the ansatz
ǫ3 = ka
2
∗, we can see that k cannot be too high. For
k = 0, we recover the standard Kerr metric and it is nec-
essary a too large amount of matter to spin a BH up.
For k = 10, an initially non-rotating BH with a mass
M = 9.4 M⊙ enters the allowed region after accreting
3.0 M⊙. The final mass of 12.4 M⊙ would correspond
to the mass measurement of the BH in GRS 1915+105.
For k = 5, an initially non-rotating BH with a mass
M = 9.1 M⊙ enters the allowed region after accreting
3.3 M⊙. In the case of the BH in Cygnus X-1, we can
obtain similar results.
The case of the Johannsen-Psaltis BHs is just an ex-
ample. The result is very general, in the sense that
BHs more prolate than the Kerr ones can look like fast-
rotating Kerr BHs after accreting a modest amount of
mass. The necessary amount of mass is clearly related to
the specific non-Kerr model. For instance, the Cardoso-
Pani-Rico BHs [22] are a simple generalization of the
Johannsen-Psaltis ones. In this case, there is no sys-
tematic study of current constraints for all the BH candi-
dates, but the case of Cygnus X-1 was analyzed in [23]. In
Boyer-Lindquist coordinates, the line element reads [22]
ds2 = −
(
1− 2Mr
Σ
)(
1 + ht
)
dt2 − 2a sin2 θ
[√
(1 + ht) (1 + hr)−
(
1− 2Mr
Σ
)(
1 + ht
)]
dtdφ
+
Σ(1 + hr)
∆ + hra2 sin2 θ
dr2 +Σdθ2 + sin2 θ
{
Σ+ a2 sin2 θ
[
2
√
(1 + ht) (1 + hr)−
(
1− 2Mr
Σ
)(
1 + ht
)]}
dφ2 , (7)
5where, in the simplest version, ht and hr are
ht = ǫt3
rM3
Σ2
, hr = ǫr3
rM3
Σ2
. (8)
As shown in Ref. [23], current observations can strongly
constrain ǫt3, while the bounds are very weak for ǫ
r
3. We
can thus consider the case ǫt3 = 0 and ǫ
r
3 = ka
2
∗ and com-
pute the amount of mass transfer necessary to explain the
BH spin in Cygnus X-1. The calculations are reported
in the right panel in Fig. 4. There are three cases, re-
spectively for k = 10, 20, and 30. The area between
the two red solid curves is the region allowed by obser-
vations for Cygnus X-1 and obtained in Ref. [23]. The
mass of the BH in Cygnus X-1 is M = 14.8 ± 1.0 M⊙.
For k = 30, an initially non-rotating BH with a mass
M = 12.4 M⊙ enters the allowed region after a mass
transfer Maccreted = 2.4 M⊙. For a lower value of k it
is necessary a larger amount of mass. For instance, in
the case k = 10 an initially non-rotating BH with a mass
M = 11.6 M⊙ enters the allowed region after a mass
transfer Maccreted = 3.2 M⊙.
It should not be difficult to find more efficient non-Kerr
models, namely BHs that can look like very-fast rotat-
ing Kerr BHs after accreting a smaller amount of matter.
However, it has to be noted that the Johannsen-Psaltis
and Cardoso-Pani-Rico spacetimes are phenomenological
metrics to parametrize generic deviations from the Kerr
solution. Some spinning BH solutions in well-motivated
alternative theories of gravity are known [24]. Gener-
ally speaking, if we consider a specific alternative the-
ory of gravity, it is possible that its BH solutions are
not sufficiently more prolate than Kerr for any choice of
the parameters of the theory. Moreover, the deformation
parameters in the Johannsen-Psaltis and Cardoso-Pani-
Rico spacetimes are only constrained by observations sen-
sitive to the metric (assuming geodesic motion), not by
the field equations of the theory (which is not given).
If we have a theory, there may be independent bounds
coming from the field equations (e.g. emission of gravita-
tional waves from a binary pulsar). After satisfying these
constraints, it is not obvious that their BHs can do the
job proposed in the present paper. Every theory is dif-
ferent and it should be analyzed by itself. There are also
scenarios like the one suggested in [25], in which general
relativity holds up to quite strong gravitational fields,
but BHs have not the usual properties of BHs (even the
concept of metric breaks down on the surface of these
objects) and, in many aspects, they behave like com-
pact stars made of exotic matter. In the latter case, con-
straints can only be obtained by BH observational data
and the current bounds on possible deviations from the
Kerr solution are weak [17].
IV. CONCLUDING REMARKS
In this paper, I showed that current spin measurements
of BHs in X-ray binaries may be easily explained if these
objects are more prolate than the predictions of general
relativity. The point is that similar objects can look like
very fast-rotating Kerr BHs with a lower value of the
spin parameter, which can be acquired after a modest
mass transfer from the stellar companion. In the case of
Kerr BHs, the required amount of mass stripped from the
stellar companion is too high and therefore it is not un-
derstood the origin of so high spins for some BHs in X-ray
binaries. It is at least intriguing that even other obser-
vations seem to require that stellar-mass BH candidates
are more prolate than the Kerr ones, namely the power
of steady jets [26] and quasi-periodic oscillations [27]. At
this stage, the proposal that BH candidates are not the
the Kerr BHs of general relativity is a very speculative
possibility, but it is not in contradiction with any obser-
vation. It is probably difficult to test this scenario with a
more detailed study of the origin of the BH spin, but fu-
ture observational facilities will be hopefully able to test
the Kerr nature of astrophysical BH candidates [28].
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